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The sub-band gap density of states (DOS) of Nb doped ZnO thin ﬁlm transistors were extracted using amulti-fre-
quency capacitance-voltage (C-V) method. The results can be represented by a two-term exponential DOS,
representing the tail and deep states. The parameters for the tail and deep states are Ntail = 1.6 × 10
19 cm−3,
Ttail=540 K, Ndeep=6.5 × 1016 cm−3 and Tdeep=4058 K respectively. Furthermore, the DOS from C-V provides
a good ﬁt with current-voltage characteristics, using the multiple trap and release model.
Crown Copyright © 2017 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Zinc oxide (ZnO) based materials for active channel layers in thin-
ﬁlm transistors (TFTs) have attracted considerable attention for ﬂat
panel display applications due to their excellent optical and electrical
properties compared to those of Si-based TFTs [1,2]. The carrier concen-
tration in the active channel layer is required in determining the electri-
cal characteristics of the TFTs. The carrier concentration in ZnO is highly
dependent on the deposition technique and conditions [3]. Another al-
ternative approach is to add dopants such as Ga and In [4,5], Si [6] or
as demonstrated in our previous work, Nb [7] and Mg [8]. The sub-
band gap density of states (DOS), g(E), is a key parameter for character-
izing ZnOﬁlms and a number of techniques have been reported for their
extraction. A numerical simulation technique was demonstrated by
Kimura et al. [9] where the inﬂuence of the free carrier density was as-
sumed negligible. Bae et al. [10] analyzed the variation in the sub-
threshold slope in TFTs. The optical response of the DOS has been inves-
tigated in both capacitance-voltage (C-V) [11,12] and current-voltage
(I-V)measurements [13]. Amethod based onmulti-frequency C-Vmea-
surements has been outlined by Lee et al. [14] and Jang et al. [15] based
on analysis of the frequency dispersion of C-V characteristics, to obtain a
frequency-independent plot. Moreover, an extraction technique for the
activation energy (Ea) based on the Meyer-Neldel rule was reported by
Chen et al. [16] and Jeong et al. [17]. However, this method requires the
temperature dependence of the I-V characteristics.
Here, we extract the DOS in Nb doped ZnO (ZnO:Nb) TFTs using the
multi-frequency C-V method outlined by Lee et al. [14] and Jang et al.
[15]. This method is based on the derivation of an equivalent circuit
for localized and free charge. The advantages of the technique are that
optical illumination, temperature-dependent electrical characterization
and numerical calculations are not required. The DOS parameters ob-
tained from the C-V characteristics are compared with those extracted
from I-Vmeasurements, which were analyzed using themulti-trapping
and release (MTR)model [18] allowing for a self-consistent check of the
validity of the results.
2. Experimental
A cross-sectional diagram of the ZnO:Nb TFT is shown in the inset of
Fig. 1. Highly doped n-type siliconwith a 50 nm thermally oxidized SiO2
layer was used as the substrate. Initially, a 5 nmAl2O3 capping layer was
deposited on the SiO2 layer by atomic layer deposition (ALD) at 175 °C.
We have found that this provides for a better interface and greatly re-
duces leakage current in the gate oxide. Without breaking the vacuum,
ZnO:Nb was subsequently deposited by ALD at 175 °C to a thickness
(tZnO:Nb) of 50 nm using diethylzinc, niobium pentaethoxide and DI
water as the precursors for Zn, Nb and the oxidant respectively. The
cycle percentage between the Nb and Zn precursor was set to 3.8% cor-
responding to the optimal I-V characteristics in the study of reference
[7]. Al source and drain contacts were thermally evaporated with a
thickness of 70 nm and patterned using the lift-off process. Each device
was isolated by photolithography and wet etching the ZnO:Nb ﬁlms
using an acetic acid solution. Low concentration of acetic acid solution
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(1% in volume)was adopted herewith a reasonable etch timeof 30 s [7].
Finally, prior to measurements, the devices were annealed at 300 °C in
air for 1 h to further reduce the conductivity of the ﬁlms.
The C-V measurements were conducted in parallel mode using an
Agilent E4980A LCR meter under dark conditions. The source and
drain contacts were grounded and the ac-signal was applied to the
back gate of the device. The frequency (f) was varied in the range of
100 Hz to 100 kHz.
3. Results and discussion
Fig. 1 shows the C-V characteristics with the substrate capacitance
(Cgate) superimposed and shown with symbols. The substrate capaci-
tance refers to a measurement taken with a metal electrode directly
on the gate oxide, to the underlying n+Si. For a negative bias, an accu-
mulation layer is induced at the oxide-Si interface and the ZnO:Nb is de-
pleted; the opposite occurs for a positive bias. Large frequency
dispersion is evident for the region of accumulation in the ZnO:Nb
ﬁlm (V N 0) and is attributed to capture-emission events occurring in
the bulk of the disordered ZnO:Nb ﬁlm, at the interface with the oxide
together with a contribution from series resistance [6]. The bulk re-
sponse is represented by effective localized (Qloc) and free carrier
(Qfree) states associated with the ZnO ﬁlm which is considered to dom-
inate the response.
The donor density (Nd) of the substrate was estimated from the
maximum and minimum capacitance in the conventional manner.
Using Fig. 1, the depletion capacitance for the substrate is 290 nF/cm2
and results in a doping concentration of 2.5 × 1018 cm−3, which is con-
sistent with the as-received substrate resistivity. The substrate C-V plot
was found to be independent of frequency with a low density of inter-
face states at the thermally grown SiO2/Si substrate interface. For clarity,
a parameter Cgate is used below to represent the effective gate oxide ca-
pacitance for the response of the ZnO ﬁlm; that is, Cgate(V) = Csub(V).
The equivalent circuit associated with the analysis is shown in Fig.
2(a-i). The total impedance of the two-component model (Z2) is given
by
Z2 ¼ Rm
1þ ωCmRmð Þ2
 j ωCmR
2
m
1þ ωCmRmð Þ2
ð1Þ
where ω= 2πf, Cm and Rm are the measured capacitance and resis-
tance respectively. The two-component impedance model can be
transformed into the four-component (Z4) model shown in Fig.
2(a-ii). The four-component model separates the channel imped-
ance and the contact resistances for source and drain (Rs). The im-
pedance of the four-component model is represented as
Z4 ¼ Rs þ Rch
1þ ωCchRchð Þ2
 j ωCchRch
1þ ωCchRchð Þ2
þ 1
ωCgate
 !
ð2Þ
where Cch and Rch are the channel capacitance and resistance respec-
tively. It should be noted that the measured leakage current through
the gate oxide is b30 pA over the full voltage range and the contact
resistances for Rs are assumed to be frequency independent. The
voltage dependent Rs is thus extracted and shown in Fig. 2(b). The
inset in Fig. 2(b) demonstrates that Rs is determined by the mini-
mum impedance for each applied voltage.
By assuming Z2 = Z4, the parameters Cch and Rch are obtained using
Cch ¼
bC2gate  b2Cgate
abωð Þ2 þ 1
h i
C2gate  2bCgate þ b2
ð3Þ
where a ¼
 
Dm
ωCmð1þD2mÞ
 Rs
!
; b ¼ Cmð1þ D2mÞ, and Dm ¼ 1ωCmRm
Rch ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Cm 1 þ D2m  Cgate
ω2CchCgate ω2CchCm 1 þ D2mCch þ Cgate
vuut ð4Þ
The channel impedance, Zch is represented by
Zch ¼
Rch
1þ ωCchRchð Þ2
 j ωCchR
2
ch
1þ ωCchRchð Þ2
ð5Þ
The four-component capacitancemodel is then transformed into the
physics based model, where the channel charge is expressed Qloc and
Qfree charges. Fig. 2(a-iii) shows the equivalent circuit where Cloc is the
capacitance dependent on the voltage dependent Qloc and Rloc is the
equivalent resistance, and Cfree is the capacitance due to the voltage de-
pendentQfree. The total impedance for the physics basedmodel (Zphys) is
then
Zphys ¼
C2locRloc
ω2C2locR
2
loc þ Cloc þ C f ree
 2  j ω
2C2locC f reeR
2
loc þ Cloc þ C f ree
 
ω3C2locC
2
f reeR
2
loc þω Cloc þ C f ree
 2 ð6Þ
where it is assumed that Rloc and Cloc are frequency independent as their
product determines the frequency dependence ofQloc. By using the rela-
tionship Zch = Zphys, Eq. (6) can be solved and equated for Rloc at the
three measured frequencies. The resultant parameters Cloc, Cfree, and
Rloc obtained are frequency independent. By equating Rloc with 3 fre-
quencies such that Rloc(f1) = Rloc(f2) = Rloc(f3), the obtained Cloc, Cfree
and Rloc are frequency independent. The frequency independent
model for the gate capacitance is shown in Fig. 2(a-iv), with the C-V
characteristics for this model depicted in Fig. 2(c); the model is seen
to overlap the measured characteristics indicating excellent agreement.
The frequencies used to obtain Fig. 2(c) are 100Hz, 10 kHz and 100 kHz;
a relatively wide range.
Rloc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ω2CchR
2
ch Cloc þ C f ree
 
Cloc þ C f ree  Cch
 
 Cloc þ C f ree
 
ω2C2locC f ree 1þω2CchR2ch Cch  C f ree
 h i
vuuut ð7Þ
The procedure associatedwith Eqs. (1)–(7) has involved the conver-
sion of the frequency dependent C-V plots of Fig. 1, to frequency inde-
pendent C-V characteristics by employing the equivalent circuit in Fig.
2(a-iv). The resultant C-V characteristics are shown in Fig. 2(c), where
Fig. 1. C-Vmeasurements for the substrate (symbols) and 175 °C 3.5% ZnO:Nb TFT (lines)
for frequencies between 100 Hz and 100 kHz. The inset shows a schematic of the
fabricated TFTs.
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it is evident that the model shows excellent agreement with the mea-
sured data. As Cloc represents the voltage dependence of Qloc, the DOS,
g(E) with units eV−1 cm−3, is obtained using
g Eð Þ ¼ Cloc V1
  Cloc V2 
q2tZnO:Nb
ð8Þ
Finally, a relationship between the applied voltage on the gate and
the surface potential (ϕs) is required. The ϕs is obtained by integrating
the frequency independent C-V characteristics between ﬂat band volt-
age (VFB) and V shown by
ϕs ¼
Z V
V FB
1 C
Cgate
 !
dV ð9Þ
where VFB was determined from the ﬁtting of I-Vmeasurements using
the MTRmodel. The value of VFBwas slightly adjusted (b5%) to achieve
a ﬁt with the DOS derived from a TFT measurement taken on the same
material, which is described next.
It is generally considered that the DOS associated with deep and tail
states can be described by Gaussian distributions. Furthermore, it has
been found that those can be approximated by exponential functions
representing the tail of the Gaussian in an energy rangemost populated
by carriers [18]. It is also worth noting that it has been recognised and
demonstrated that the tail states alone dominate the response [18]
and the DOS can be reasonably approximated by a single exponential
term, thus allowing a closed form expression for the drain current of a
ZnO:Nb TFT. The extracted g(E) (symbols) is shown in Fig. 2(d) with
the two-term exponential DOS model superimposed (lines) to account
for the tail and deep states given as
g Eð Þ ¼ N
tail
exp  EC  E
kTtail
 
þ Ndeepexp 
EC  E
kTdeep
 !
ð10Þ
where Ntail is the effective density of tail states, and Ttail is the character-
istic temperature of tail,Ndeep is the effective density of deep states, Tdeep
is the characteristic energy of deep states and Ec is the energy of
the conduction band. By ﬁtting Eq. (10), the parameters obtained are
Ntail = 1.6 × 1019 cm−3, Ttail = 540 K (49 meV), Ndeep = 6.5 ×
1016 cm−3 and Tdeep = 4058 K (350 meV).
A comparison of these results from the multi-frequency extraction
technique is now made with the DOS obtained from ﬁtting the MTR
model to I-V data [7]. The measured I-V characteristics (symbols) and
ﬁts from the MTR (lines) and C-V measurements (dashes) are shown
in Fig. 3. The I-V ﬁts employ the MTR model with a single exponential
DOS approximation, using a characteristic temperature, To = 540 K
Fig. 2. (a) i. two-component capacitance model for parallel mode measurement, ii. four-component capacitance model for extraction of Rs and the channel impedance, iii. Physics based
capacitance model for extracting the Cloc, Rloc¸ and Cfree and iv. frequency independent model for the gate capacitance (b) extracted voltage dependent Rs, (c) frequency independent C-V
characteristics extracted from three frequencies (f1 = 100 Hz, f2 = 10 kHz and f3 = 100 kHz) and (d) the sub-band gap DOS (symbols) and two-term exponential DOS approximation
superimposed (lines). The inset of (b) demonstrates the extraction technique for Rs.
Fig. 3. Transfer characteristics of measured ZnO:Nb TFT (symbols) with W/L =
400 μm/40 μm and ﬁttings using the MTR model (lines) and DOS extracted
from the multi-frequency C-V measurements (dashes) [7].
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(49meV) and trap density,Nt=1×1019 cm−3. It is evident that there is
good agreement with the number of trapping states (Nt ~ Ntail) and the
characteristic temperatures (To ~ Ttail), demonstrating the dominance of
the tail states on the conduction mechanism.
It should be noted that it is not apparent from the experimental C-V
plots of Fig. 1 that the response has become independent of frequency
and this implies there may be an associated error in the energy scale
for the extracted DOS. The DOS extracted is therefore representative of
those states probed in the measurement. The self-consistency between
the DOS extracted from C-V and I-V techniques provides some conﬁ-
dence that the results can be used in the construction of a compact de-
vicemodel, as described in [18], which is the ultimatemotivation for the
work.
4. Conclusions
C-Vmeasurements were conducted on ZnO:Nb TFTs over a frequen-
cy range from 100 to 100 k Hz. The tail and deep state density of states
were extracted using the multi-frequency method. The tail state DOS
component was compared with that extracted from I-Vmeasurements
using the MTR model and good agreement found between the two ex-
traction techniqueswith the qualiﬁcation that it was necessary to adjust
the C-V ﬂat band voltage by b5% to realise the ﬁt.
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